Chirality-the geometric property of objects that do not coincide with their mirror image-is found in nature, for example, in molecules, crystals, galaxies and life forms. In quantum field theory, the chirality of a massless particle is defined by whether the directions of its spin and motion are parallel or antiparallel. Although massless chiral fermions-Weyl fermions-were predicted 90 years ago, their existence as fundamental particles has not been experimentally confirmed. However, their analogues have been observed as quasiparticles in condensed matter systems. In addition to Weyl fermions 1-4 , theorists have proposed a number of unconventional (that is, beyond the standard model) chiral fermions in condensed matter systems 5-8 , but direct experimental evidence of their existence is still lacking. Here, by using angle-resolved photoemission spectroscopy, we reveal two types of unconventional chiral fermion-spin-1 and charge-2 fermions-at the band-crossing points near the Fermi level in CoSi. The projections of these chiral fermions on the (001) surface are connected by giant Fermi arcs traversing the entire surface Brillouin zone. These chiral fermions are enforced at the centre or corner of the bulk Brillouin zone by the crystal symmetries, making CoSi a system with only one pair of chiral nodes with large separation in momentum space and extremely long surface Fermi arcs, in sharp contrast to Weyl semimetals, which have multiple pairs of Weyl nodes with small separation. Our results confirm the existence of unconventional chiral fermions and provide a platform for exploring the physical properties associated with chiral fermions.
chirality and necessitates the presence of exotic helicoid surface states with Fermi arcs as their equal-energy contours.
Topological nodes can be classified as either accidental or essential. The three types of experimentally identified node are all accidental because they require band inversion, and they are stabilized by certain symmorphic crystal symmetries or nontrivial topology. By contrast, band theory has shown several types of essential node with multiple band crossings that do not require band inversion. These are enforced at high-symmetry momenta in the Brillouin zone (BZ) by specific crystal symmetries, at which the number of degenerate bands corresponds to the dimension of irreducible representations of the little group (a set of symmetry operators that leave the k point invariant).
Theorists have proposed exotic chiral fermions at essential nodes with non-zero Chern numbers, such as spin-1 nodes with threefold degeneracy 5, 6 , charge-2 Dirac nodes and spin-3/2 Rarita-Schwinger-Weyl nodes with fourfold degeneracy [6] [7] [8] , and double-spin-1 nodes with sixfold degeneracy [5] [6] [7] [8] . Unlike Weyl fermions, these chiral fermions have no analogues in high-energy physics and thus are unconventional (that is, beyond the standard model). Although first-principles calculations have suggested the presence of these unconventional chiral fermions in numerous materials [5] [6] [7] [8] , experimental evidence is still lacking. In this work, we experimentally verified the presence of chiral spin-1 fermions and charge-2 fermions in the transition-metal silicide CoSi by investigating the electronic band structures of both its bulk and surface states with systematic ARPES measurements. Figure 1a illustrates the crystal structure of CoSi, in which each Co atom is bonded with six Si atoms and vice versa, forming a simple cubic structure with lattice constant a = 4.445 Å and space group P2 1 3 (number 198). The corresponding BZ in Fig. 1b is also simple cubic with four high-symmetry momentum points Γ, X, M and R. First-principles calculations 6 have shown that the band structure has a threefold-degenerate point at Γ and a fourfold-degenerate point at R near the Fermi level (E F ) ( Fig. 1e ) when spin-orbit coupling (SOC) is not considered. Similar degenerate points have also been identified in the phonon spectra 24 of CoSi. When considering SOC, the bands split owing to the absence of inversion symmetry. However, the band splitting is of the order of millielectronvolts because of the weak SOC on the Co 3d and Si 3p orbitals 8 . Thus, the SOC effects can be ignored in experimental work.
Unlike the experimentally verified threefold-degenerate nodes 22, 23 and Dirac nodes 21 , the nodes at Γ and R in CoSi carry non-zero Chern numbers 6, 24 of ±2, where the quasiparticle excitations are described as chiral spin-1 fermions and charge-2 fermions, respectively. According to the no-go theorem, the spin-1 and charge-2 nodes in CoSi must have opposite Chern numbers and are expected to have two surface Fermi arcs connecting their projections on certain surfaces. Considering the Letter reSeArCH band structure of CoSi shown in Fig. 1e , the Fermi arcs should lie in the gap between bands 2 and 3. As shown in Fig. 1c , these bands form the hole-and electron-like Fermi surfaces (FSs) that enclose the spin-1 and charge-2 nodes, respectively, leaving a large direct gap between them in regions other than the FSs. This is important for the observation of surface Fermi arcs near E F .
As illustrated in Fig. 1d , the nodes in CoSi are projected onto the centre or corner of the (001) surface BZ. The expected Fermi arcs connecting them traverse a distance of about 1 Å −1 , which is more than ten times larger than those in the Weyl semimetals TaAs 17, 18 and MoTe 2 19, 20 . Moreover, the Weyl nodes can shift by external conditions, such as the SOC strength, lattice constants and atom positions, and even merge together, leading to annihilation of Weyl nodes. By contrast, the spin-1 and charge-2 nodes in CoSi are enforced at the high-symmetry momentum points Γ and R, and they appear more robust than the Weyl nodes, unless the related crystal symmetries are altered.
Because the Co and Si atoms are strongly bonded by multiple covalent bonds in three dimensions, it is almost unfeasible to obtain atomically flat surfaces for ARPES measurements by cleaving single crystals. We therefore tried to polish the surfaces of single crystals and then repeatedly sputtered and annealed the polished surfaces in vacuum. Eventually, we attained atomically flat (111) and (001) surfaces, as manifested by the clear reflection high-energy electron diffraction (RHEED) patterns in the insets of Fig. 1g , h.
In ARPES experiments, photoelectrons excited by soft X-rays have a much longer escape depth than those excited with vacuum ultraviolet (VUV) light. We thus can selectively probe the bulk and surface states using soft X-rays and VUV light. The ARPES data collected with soft X-rays on the (111) surface are summarized in Fig. 2 . By varying the photon energy (hν; h, Planck constant; ν, frequency), we obtain the band dispersions along Γ-R, which is normal to the (111) surface, as shown in Fig. 2d . We observed two hole-like bands around Γ near E F , which degenerate with an electron-like band at R. We further investigated the in-plane band structure on the (111) surface with hν = 435 eV, which characterizes the momentum plane containing the R and X points, as illustrated in Fig. 2a , b. We observed a circular FS patch at R (Fig. 2c ), which arises from the electron-like band shown in Fig. 2e , f. This electron-like band degenerates with a relatively flat band about 0.2 eV below E F at R. All the observations on the (111) surface are consistent with the calculated bulk band structures, except that the splitting of the electron-like band along Γ-R is not resolved.
The ARPES data collected with soft X-rays on the (001) surface are summarized in Fig. 3 . We plot in Fig. 3d Letter reSeArCH the calculated electron-like FS at R in Fig. 3c . This indicates that the measured momenta in Fig. 3d , e correspond to the k z = 0 and k z = π planes, respectively. Figure 3f The excellent consistency between experiment and calculation provides solid evidence for the presence of spin-1 and charge-2 nodes in the bulk of CoSi. Because these nodes have non-zero Chern numbers, it is expected that surface Fermi arcs emanate from their projections on certain surfaces. At the (111) surface, the nodes at Γ and R are projected onto the same point at the surface BZ centre, where their Chern numbers cancel each other out. There are no topological surface states on the (111) surface. By contrast, at the (001) surface, the Γ and R points are projected onto the centre Γ and corner M of the surface BZ, respectively (see Fig. 1b ). It is therefore expected that two Fermi arcs connect the Γ and M points on the (001) surface.
In Fig. 3d , e we observe some extra features in the soft-X-ray ARPES data compared with the calculated bulk FSs. These features may come from the (001) surface states. To confirm this, we carried out APRES experiments on the (001) surface using VUV light. The VUV ARPES data collected on the (001) surface are summarized in Fig. 4 . The extra features at E F are more clearly observed in the VUV ARPES data in Fig. 4a, b . Their momentum locations do not change with varying photon energy of the incident light (see left panel of Fig. 4e ), proving their surface origin. The most remarkable feature in the surface states is that two Fermi arcs traverse the (001) surface BZ to connect the bulk FS pockets at Γ and M. The two Fermi arcs are related by a π rotation about Γ, which is constrained by time-reversal symmetry because the lattice symmetries in the bulk are broken at the (001) surface.
By analysing the surface states, we can reveal the topological nature of the bulk nodes in CoSi. As we know, the surface projection of a bulk node with a non-zero Chern number is surrounded by helicoid surface states 25 . These states have chiral band dispersions on the loop that encircles the projection of the node, and their equal-energy contours are robust Fermi arcs connecting the projections of nodes with opposite chiralities, as schematically illustrated in Fig. 4i . In Fig. 4h , we show the band dispersions of the surface states on loops 1 and 2, which encircle points Γ and M, respectively, as indicated in Fig. 4b . On loop 2, we observe two surface bands crossing E F with the same chirality. On loop 1, the surface bands pass through E F six times-four times with the same chirality and two with the opposite chirality. Therefore, the net count on loop 1 is two. There should be only two surface bands with the same chirality on loop 1. Each band first goes up through E F , then returns below E F , and finally goes up through E F again. We note that the surface bands on the two loops have opposite chiralities. These results provide sufficient evidence that the two bulk nodes at Γ and R have opposite Chern numbers, C = ±2.
To further illuminate the nontrivial topology, we show the band dispersions along three cuts-I, II and III-in Fig. 4f , g. Along cut I, one surface band passes through E F once. Along cuts II and III, one surface band passes through E F three times, similarly to the case of loop 1. The chirality of the surface band along cut III is opposite to that of the bands along cuts I and II, indicating that they have opposite Chern numbers, C = ±1. When sliding the horizontal cut in the vertical direction, when the cut passes through points Γ or M the Chern number must be changed by +2 or −2, which correspond to the Chern numbers of the bulk nodes.
The nontrivial surface states form topologically robust surface Fermi arcs at constant energy, which connect the surface projections of the spin-1 and charge-2 nodes. Figure 4a -e shows that although the Fermi arcs are dramatically deformed with varying the constant energy, the connection between Γ and M is not destroyed. This is essentially distinct from the Fermi arcs observed in Na 3 Bi (ref. 26 ) and WC (ref. 23 ), where the Fermi arcs continuously deform into closed FSs separated from the bulk states by varying the constant energy 25, 27 . The unprotected Fermi arcs indicate that the normal Dirac nodes in Na 3 Bi and the threefold-degenerate nodes in WC have no chirality.
Through systematic characterization and analysis of the band structures of the bulk and surface states of CoSi, we have unambiguously proven that the nodes at Γ and R in CoSi have non-zero Chern numbers, at which fermionic excitations have chirality. This is the first direct experimental evidence of the presence of unconventional chiral fermions beyond Weyl fermions in condensed matter systems. Compared with Weyl fermions, these unconventional chiral fermions have many distinct characteristics. They usually lie at time-reversal-invariant momentum points and are unrelated by symmetry, which is conducive to the realization of three-dimensional time-reversal-invariant topological superconductivity because FSs with opposite Chern numbers must have opposite signs of pairing-order parameter 28 . Moreover, as unconventional chiral fermions carry higher even Chern numbers, theory has shown that even parity can yield a negative quantum interference correction to the quantum transport, in contrast to the positive correction in Weyl semimetals with odd parity (C = ±1), leading to distinct magnetotransport behaviour between unconventional chiral fermions and Weyl fermions 29 . Our work pioneers the exploration of the many unconventional chiral fermions predicted by theory and may provide a broader space to study the exotic physical properties of chiral fermions.
Note added: during the reviewing process of our paper, we became aware of a related study 30 showing the presence of bulk nodes in CoSi.
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Methods Sample synthesis. Single crystals of CoSi were grown by the chemical vapour transport method. Co and Si powders in 1:1 molar ratio were put in a silica tube with a length of 200 mm and an inner diameter of 14 mm. Then, 200 mg I 2 was added into the tube as a transport reagent. The tube was evacuated to 10 −2 Pa and sealed under vacuum. The tubes were placed in a two-zone horizontal tube furnace and the temperatures of the source and growth zones were raised to 1,173 K and 1,273 K, respectively, for two days and then held there for seven days. Shiny crystals with lateral dimensions of up to several millimetres were obtained. Angle-resolved photoemission spectroscopy. ARPES measurements were performed at the 'Dreamline' beamline of the Shanghai Synchrotron Radiation Facility (SSRF) with a Scienta Omicron DA30L analyser and at the Advanced Resonant Spectroscopies (ADRESS) beamline at the Swiss Light Source (SLS) with a SPECS analyser. All the ARPES data shown were collected at SSRF. To obtain atomically flat surfaces for the ARPES measurements, we polished the (111) and (001) surfaces of single crystals, and then repeatedly sputtered the surfaces and annealed the samples until clear RHEED patterns appeared. Band structure calculations. First-principles calculations were performed using density functional theory 31 within the Perdew-Burke-Ernzerhof exchange correlation 32 and implemented in the Vienna ab initio simulation package (VASP) 33 .
A 20 × 20 × 20 k-mesh was used in the BZ for the self-consistent calculations, and all the calculations were made considering absence of SOC. Three-dimensional FS calculations were performed using the tight-binding model of bulk CoSi, which was obtained from maximally localized Wannier functions 34 . The experimental values of the atomic sites and the lattice constant 35 a = 4.445 Å were used in our calculations.
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